We construct a three family flipped SU(5) model from the heterotic string theory compactified on the Z 12−I orbifold with one Wilson line. The gauge group is
Introduction
At present, it is of utmost importance to connect the high energy string theory with the low energy standard model, in particular with the minimal supersymmetric standard model (MSSM).
The initial attempt of the Calabi-Yau space compactification, which is geometrical, has been very attractive [1] . But the orbifold compactification, also being a geometrical device, got more interest due to its simplicity in model buildings [2, 3] . Initially, the standard-like models were looked for [4] , in an attempt to obtain minimal supersymmetric standard models (MSSMs), but it became clear that the standard-like models have a serious problem on sin 2 θ W to arrive at MSSMs [5] . All Z N models without Wilson lines were tabulated a long time ago [6] and recently all Z 3 models with Wilson lines are tabulated in a book [7] .
The sin 2 θ W problem is that it is better for the bare value of sin 2 θ 0 W at the unification or string scale to be close to 3 8 [5] so that it reproduces the fact of the convergence of three gauge couplings at one point near the unification scale [8] . The so-called flipped SU (5) does not fulfill this requirement automatically due to the leakage of U(1) Y beyond SU (5) . 1 Thus, the sin 2 θ W problem directs toward grand unified theories (GUTs) from superstring without the electroweak hypercharge Y leaking outside the GUT group. In this regard, one may consider simple GUT groups SU (5) [12] , SO(10) [13] , E 6 [14] and trinification SU(3) 3 [15] . The simplest orbifold without matter representations beyond the fundamentals require the Kac-Moody level K = 1. With K = 1, one cannot obtain adjoint representations [7] ; thus among the above GUT groups the trinification group is the allowed one. Also, the Pati-Salam SU(4) × SU(2) × SU (2) [16] can be broken to the standard model without an adjoint matter representation; above the GUT scale however three gauge couplings of the Pati-Salam model diverge rather than evolving in unison. Thus, trinification GUT seems to be the most attractive solution regarding the sin 2 θ W problem. The trinification is possible only in Z 3 orbifolds [17] .
Another interesting GUT group, though not giving sin 2 θ W = 2 ) and X = diag(x x x x x). Then, the electroweak hypercharges of 1 5 and 5 −3 are +1, − 2 3 , and − 1 2 , which are e c , u c , and electron doublet. There are some nice features of flipped SU (5) [18] .
From the string context, flipped SU(5) was considered before in the fermionic construction scheme [11] and recently in orbifold construction also [19] , Calabi-Yau compactification [20] , and intersecting D-brane models [21] . Let us call flipped SU(5) from string construction 'string flipped' SU (5) . In string flipped SU (5) , it does not necessarily predict sin 2 θ W = 3 8 at the unification scale [5] . However, if we introduce more parameters intrinsic in flipped SU (5) , we may fit parameters so that the gauge couplings meet at one point at the string scale M s , the unification scale of SU (5) and U(1) X couplings. These parameters include the symmetry breaking scale M GUT for SU(5) × U(1) X → SM breaking and intermediate scales of vector-like representations. Above M GUT the RG evolutions of SU (5) and U(1) X couplings are different, and we do not expect a string scale around 0.7 × 10 18 GeV [22] but can be determined by the unification 1 The terminology flipped SU (5) was used as an SU(5) × U(1) X subgroup of SO (10) [9] [10] [11] . In this paper, we still use the same terminology if there appear 16s having the same quantum numbers as in the flipped SU (5) . 2 The quantum number X of U(1) X in the flipped SU (5) is highlighted.
ansatz at M s and mass scales of vector-like representations [23] . In our string orbifold model, sin 2 θ W turns out to be 3 8 at the full unification scale due to the possibility of the electroweak hypercharge embedding in SO (10) . Thus such vector-like fields should be removed near the GUT scale.
String models in general include exotics. Electromagnetic exotics (E-exotics) are fractionally charged particles which are non-Abelian gauge group singlets. Color exotics (C-exotics) are quarks with non-standard charges, i.e. color triplet quarks not having Q em = (5) representations, not having the X charges of 10 1 , 10 −1 , 5 3 , 5 −3 , 5 −2 , 5 2 , 1 ±5 , 1 0 . G-exotics contain C-exotics and fractionally charged leptons.
The fermionic construction of flipped SU (5) has shown the existence of E-exotics with Q em = ± 1 2 and integer charged 'cryptons' where cryptons are defined to be the composites of the hidden sector confining group SU(4) [24] . Cosmological effect of cryptons was given in [25] . Because of the possibility that fractionally charged particles exist in most string vacua, discovery of fractionally charged particles may strongly hint the correctness of the idea of string compactification.
In this paper, we present the orbifold compactification with Z 12−I twist. This contains a detailed account of Ref. [19] . In addition, we present another orbifold model having a hidden sector SU (4) . We succeeded in constructing a phenomenologically desirable flipped SU(5) model from Z 12−I .
We need three families of 16 flip , where For spontaneous symmetry breaking, we need also the Higgs fields, (4) (10 1 + 10 −1 ) + (5 −2 + 5 2 ).
Sometimes, it is useful to represent the components in terms of In this model, there appear two light families from the untwisted sector and the third heavy family from twisted sectors. This is dictated from the Yukawa coupling structure. It also leads to (i) the doublet-triplet splitting, (ii) one pair of Higgs doublets, and (iii) the existence of R-parity.
Some standard models from fermionic construction are worthwhile to note since they may be free from some problems of GUTs [26] . But these models use Z 2 × Z 2 which may have a very different phenomenology from the one we discuss here with Z 12−I .
In Section 2, we present a review on orbifold construction with order N = 12. Here we include formulae with Wilson lines also. In Sections 3 and 4, the untwisted and twisted sector spectra are calculated in detail. In Section 5, we collect all observable sector fields. In Section 6, we present the Yukawa coupling structure and derive some phenomenological consequences. In Section 7 we show sin 2 θ 0 W = 3 8 . Section 8 is a conclusion. In Appendix A, we provide another model having SU (4) . 
Orbifold method
An orbifold is constructed from a manifold by identifying points under a discrete symmetry group. The six internal space is orbifolded by a twist vector φ s . With three complexified components, φ s has three components φ s1 , φ s2 and φ s3 . The twist of Z 12−I orbifold is [7] (6)
Torus corresponding to φ si is twisted by φ si . Hence the first and third tori have one fixed point while the second torus being modded by Z 3 has three fixed points as schematically shown in Fig. 1 . Multiplicity due to fixed points are three. These can be distinguished by Wilson lines. In ten-dimensional (10D) heterotic string, left and right movers are treated as gauge group degrees and N = 1 supersymmetry, respectively. The embedding possibility is in the gauge group space of left movers, NS sector of left and right movers, and R sector of right movers. So we focus on the embedding in the group space for left movers and in the R sector for right movers. In 10D, the R sector embedding is given by φ s . The group space embedding is given by sixteen numbers, 
Dynkin diagram technique for finding gauge group
Just for finding out a gauge group structure, the Dynkin diagram technique is extremely useful [28] . In the Dynkin diagram, each simple root is endowed with a Coxeter label. A Dynkin diagram technique of obtaining maximal subgroups is to strike out a simple root from the extended Dynkin diagram. In orbifold, this is generalized to strike out some roots where sum of the eliminated Coxeter labels add up to order N of Z N . To have SU(5) only without a Wilson line, there must remain four linearly connected simple roots. So, for N 8 orbifold, it is impossible. 3 For Z 12 [27] . Thus, for Z 12 orbifolds V is given by which has five common entries. This form is perfectly simple enough in obtaining SU(5) weights since there are five common entries. Otherwise, i.e. with V 1 or V 2 , it is cumbersome to work out all the SU(5) weights as tried out in [7] . Since the five entries are common, the simple roots for SU(5) take the following standard form, ; 0 0 0). For the E 8 , we find roots and weights in a similar way.
Choosing shift vector and Wilson lines
Embedding of the orbifold action can be found by satisfying the modular invariance conditions (7) . If one tries to have a specific gauge group, the Dynkin diagram technique is very helpful as we have discussed in Section 2.1. Or one can study the components of (· · ·)(· · ·) to guess the gauge group, but this method of finding gauge group is completed only after one obtains all nonzero roots of the gauge multiplet. For example, if one tries V 2 of (8) and V 3 of (9) then in both cases he will obtain SU (5) . But guessing SU (5) from (8) is not straightforward. In this sense, the Dynkin diagram technique is superior. On the other hand, a computer search of gauge groups will cover all these cases. In the computer search, the identical shift vector is given by several different forms as done in V 2 and V 3 . Usually, it is very difficult to identify all the same shift vectors [7] .
Choosing the shift vector (V ) and Wilson lines (a 1 , . . . , a 6 ) fixes the embedding of the orbifold action in the group space. So gauge groups and representations are fixed by the shift vector and Wilson lines, consistently with the modular invariance condition (7) .
In summary, the compactification is specified by twisting represented by a shift form in the six internal space φ s , shift V , and Wilson lines a 1 , . . . , a 6 , internal space: φ s = (φ s1 , φ s2 , φ s3 ), (15) group space: V , a i (i = 1, 2, . . . , 6).
Here, s 0 determines the chirality ands encodes the orbifolding information of the R sector.
Massless modes
Finding out all the massless modes below the compactification scale is the key problem in the compactification process. The left movers and right movers have different relations for the Einstein mass-shell condition, even though the form has a similarity. In the symmetric orbifold [2] , let us bosonize the Ramond sector of right movers, which is represented by four half integers in s. The orbifold action is modding out the 6D torus, and s contains the orbifold information of right movers under translation in the internal space. For left movers, momenta P corresponding to translation in the group space have the orbifold information. All these satisfy the level matching condition, M 2 L = M 2 R . Thus, left moving and right moving states on torus have the following vanishing vacuum energy for massless states, left movers: [29, 30] .) For k = 0, conditions for massless left and right movers are given by
The massless modes include graviton g μν , antisymmetric tensor field B μν , dilaton, gravitino, gauge bosons, gauginos, and chiral matter. So the matter states (P , s) must satisfy
Among these massless modes, we are interested in a resulting N = 1 SUSY gauge theory. The SUSY condition for orbifold compactification is given by right movers, which are given by four component s, including three components. When we compactify six dimensions, tendimensional supersymmetry generators can be decomposed into Q (10) = Q (4) ⊗ Q (6) . The sixdimensional internal space part Q (6) transforms as 4 of SO(6) ∼ SU (4) . Because the remaining part Q (4) becomes the four-dimensional generator, the dimension 4 counts the number of supersymmetries. Its spinorial representation is given by |s = |s 1 s 2 s 3 = |± (6) → exp(2πis · φ)Q (6) .
The invariant component corresponds to the unbroken supersymmetry generator. For N 1 supersymmetry, we need at least one solution, say if we choose s = (+ 2 ). We can introduce another set,r, of half integers so that entries ofs +r become integers,
Namely, the SUSY condition for orbifolded spectrum is φ s ·r = 0 [7] .
Gauge multiplet
Gauge boson multiplets appear in the untwisted sector U , satisfying
where the first one is the masslessness condition and the second and the third ones are the orbifold conditions. The corresponding right movers, satisfying the mass-shell and orbifold conditions chooses two s's with s 2 = 1, which are always CPT conjugates of each other. In this way, we obtain the gauge multiplet. As expected, the multiplicity (P) of gauge bosons is 1.
Matter multiplets
Other massless states can appear in U also, for (21) untwisted matter:
We combines andr to distinguish untwisted matter so that they appear in three categories under orbifolding, i.e. differing in sub-lattice shifts, 4
There are fixed points in field theory orbifolds. In string orbifolds also, we must consider physics related to fixed points. Massless strings can sit at fixed points, which is found by the mass-shell condition at fixed point. But noting that some linear combinations of strings sitting at several fixed points may be taken to satisfy the orbifold condition, we consider twisted sectors. For Z N orbifold, we consider k = 1, . . . , N − 1 twisted sectors, T k . The CPT conjugates of T k appear in T N−k . Thus, in non-prime orbifolds Z 4 , Z 6 , Z 8 , Z 12 , the sector T N/2 contains CPT conjugates also.
For untwisted matter, multiplicity (P) is given just by counting all possible states. Multiplicity in the twisted sector is more involved. The method of linear combination can come with complex numbers. This is taken into account in the (generalized) GSO projector, which projects out nonphysical states. It can be read off from the one loop partition function of string [7, 31] ;
where N is the order of Z N orbifolds, and
where j denotes the coordinates of the 6-dimensional compactified space running over {1, 2, 3,1,2,3} in complexified coordinates, andφ i = φ si sgn(φ i ) where sgn(φ¯i) = −sgn(φ i ) [29] . It turns out that N R j = 0 generically for the massless right mover states in our Z 12−I orbifold compactification. Theχ(θ m , θ k ) in Eq. (23) denotes the degenerate factor tabulated in Table 1 [7, 32] . For the sectors wound by Wilson lines, the Wilson line modified shift vector V f is used instead of V . In the presence of a Wilson lines (≡ a I ), the GSO projector Eq. (23) needs to be modified as [29] (25)
where N W = 3 for Wilson line of order three in case of Z 12−I , and Θ in Eq. (24) should also be modified as
where
, and Eq. (23) can be rewritten as
Note that in the
Z 12−I model
We choose the following shift vector and Wilson lines 
which satisfies Eq. (7): it gives
Since the Wilson line is a Z 3 shift, it distinguishes three cases. These satisfy the following conditions [31, 33] :
Thus, we consider the following effective shifts distinguishing twisted sector For future convenience, we list
.
Gauge group from untwisted sector
For the gauge multiplet, we search for roots satisfying P 2 = 2, P · V = 0 and P · a 3 = 0, and obtain the following unbroken gauge group
where we choose the U(1) X of flipped SU (5) as
For example, one can see that the following is the roots of SU (5):
where the underlined entries allow permutations.
Matter from untwisted sector

Chirality
The chirality is determined by the 8 component SO (8) spinor of the Ramond sector of right movers. It is labeled by s = (s 0 ,s) = {±
} with an even number of minus signs. We define the 4D chirality χ as the one originating from the first entry of s denoted by ⊕ or , i.e.
Let us call χ = 1 (−1) as 'right-(left-)handed', ands has three components in terms of ± The chirality in the twisted sector can be similarly defined by the 8 component SO (8) spinor of the Ramond sector of right movers.
Spectrum
The massless matter fields are those with P · V = 0 and satisfy the masslessness condition. P must satisfy P 2 = 2, P · a 3 = integer and P · V = k 12 where k = 1, 2, . . . , 11. We will consider k = 1, 2, . . . , 6 only, since the rest will provide their CT P conjugates. Here, it is sufficient to look at 3 cases only, k = 1, 4, 5, to keep the GSO allowed states. Table 2 Visible sector chiral fields from the U sector Table 3 Hidden sector chiral fields from the U sector
We have the convention that the highest weight of the complex conjugated representation is in fact the lowest one so that all the weights of the complex conjugated representation are obtained by adding simple roots.
Let α denote the phase e 2πi/12 . For k = 1 or P · V = thus it right-handed and provides U 1 . α from the right movers is provided by s = (⊕−+−) which thus will couple to k = 11. It is right-handed. α 4 from the right movers is provided by s = (⊕−−+) which will couple to k = 8. It is right-handed. α 5 from the right movers is provided by s = ( +−−) which will couple to k = 7. It is left-handed. These particles for k > 6 give the antiparticle spectra. The chiralities and U i s are shown in Tables 2 and 3 .
Thus, the vectors for p · V = give
and their CT P conjugates appear in p · V = Here we listed only U(1) X charges as boldfaced subscripts. Note that for the untwisted k = 6 sector there is no way to provide an additional α 6 at the massless level from the right movers.
Twisted sectors with Wilson line
The Z 12−I with the twist vector φ = 1 12 (5, 4, 1) has three fixed points in the second torus for the prime order θ 1 and θ 5 twists. This is because it is the same as Z 3 . For the first and the third torus the origin is the only fixed point, viz. In the second torus, Wilson lines must be symmetric, a 3 = a 4 . Then, the kth twisted sector is distinguished by kV , k(V + a 3 ), and k(V − a 3 ), which is denoted asṼ ,
Since 3a 3 = 6a 3 = 0, 2V ± and 5V ± in the T 2 and T 5 sectors are equivalent to 2V ∓ a 3 and 5V ∓ a 3 , respectively. On the other hand, 4V ± in the T 4 sector is equivalent to 4V ± a 3 .
The masslessness condition is
For the θ k twist (k = 1, 2, . . . , 6), we have 3 = 0, makes it trivial. So, for k = 3, 6, 9, there is the additional condition, (P + kV ) · a i = 0, which is applicable to T 6 only in our case. For k = 3, 6, 9, the multiplicity for each twisted sector
The formula for multiplicity, Eq. (23), is the GSO allowed number of states. 5 For non-prime orbifolds such as Z 12 , the multiplicity (23) is nonvanishing even if Δ were not 1. Only for those with pure Z 12 twists, i.e. k = 1, 2 and 5, the multiplicity is counted by those with the vanishing phase.
The twisted sectors for k = 3, 6, 9 are not affected by the additional Wilson lines since 3a 3 = 0. Note that the untwisted sector also is not distinguished by Wilson lines, but Wilson lines give the modular invariance condition P · a i = 0 in the untwisted sector. By the same token, in the sectors where 3a 3 = 0 (k = 0, 3, 6, 9, with 0 corresponding to the untwisted sector), the modular invariance condition restricts Wilson lines [34] , (46) (P + kV ) · a 3 = 0 modZ, k = 0, 3, 6, 9. 5 For the prime orbifold Z 3 , the multiplicity is just 1 3 (1 + Δ + Δ 2 ) which can be either 1 for Δ = 1 or 0 for Δ = e ±2πi/3 . So in Z 3 it is sufficient to count those with the vanishing phase, i.e.
It is so also in the kth twisted sector of Z 12−I ifχ(θ k , θ l ) are the same for all l. 
( But other twisted sectors are not affected, in particular the k = 1, 2, 4, 5 sectors. For these sectors, the multiplicity for each of k(V + m f a 3 ) is 1 3 P θ k where P θ k is given in Eq. (23) . Let us present twisted sectors for k = 6, 1, 2, 3, 4, 5 in order. The k = 6 twisted sector T 6 contains the CT P conjugates in T 6 again. The spectra in the k = 1, . . . , 5 twisted sectors accompany their CT P conjugates in k = 11, . . . , 7.
Twisted sector T 6
The massless condition for the left mover is
, where P is the E 8 × E 8 weight vectors. The left mover states satisfying the massless condition always appear vector-like in the T 6 sector. In general, however, they carry different phases from those of the counterpart states with opposite quantum numbers. Thus, chiral matter spectrum is possible even in T 6 after imposing the GSO projection by Eq. (23) . In view of (46), we additionally require
The massless states with left-handed chirality satisfying this constraint, and their multiplicity numbers determined by P 6 are listed in Table 4 .
For simplicity, here we employed the following abbreviations for the SO(10) spinors and neutral singlets under SU(5) × U(1) X , (48)
From the T 6 sector, thus we have the following massless states,
While the multiplicity number for 10 L −1 is 4, the multiplicity of 10 We present the calculation in detail for the first row. The θ 6 twist vectors arẽ In the θ 6 twisted sector, consider (43) and (44) we require (P + 6V ) 2 = 2c 6 = 216 144 = 3 2 which is certainly satisfied withÑ L = 0. Therefore, the state P = (0 8 )(0 8 ) is massless. The GSO projection is given when combined with the right movers. The masslessness condition for right movers is (s + 6φ) 2 = 1 2 , 6 from which we will determine the chirality. Let us calculate the masslessness condition of the left movers first, the multiplicity and the chirality.
The masslessness condition for left movers becomes
Thus, the vectors satisfying Eq. (53) with Eq. (52) constitute the representation5 L . These weights are 
To obtain the chirality χ , we look at s = ( 1 2 χ,s) allowing nonvanishing multiplicities. Then the phase of Δ θ 6 is found as
With k = 6, we have 6 See Appendix D of [7] . Table 5 The multiplicity for s 2 = 1 and (P + 6V ) · V = 1 6 . + and − denote + 1 2 and − 1 2 , respectively, and 
, and the phase of Δ is 2π times (
, and hence we obtain the multiplicity listed in Table 5 . Then, we read the chirality χ , or ⊕ or , from the first entry of s = ( 1 2 χ|s 1 s 2 s 3 ) if that chirality is allowed by the right mover condition, which is shown in the first column of Table 5 . If the first column does not satisfy the right mover condition, we should search for higher s 0 , which will be discussed shortly. The components of the vectors are the last three ± 1 2 's of s. The number of massless states are given by P θ 6 . For these, we use the Euler numbersχ(θ k , θ l ) given in Table 1 [7] . Therefore, we obtain (57)
which becomes 4, 2, 2, and 3 for Δ = 1, −1, Δ 3 = −1, +1, respectively, and 0 for the other cases. We know that s ·φ = s ·φ + (integer). Now consider the right mover condition. For s 2 = 1, the masslessness condition (s +φ) 2 = 2 ) where we used the shiftedφ of Eq. (52). The relevant ones appear in the third and fifth rows of Table 5 . Among these one set is the CT P conjugates of the other. The U(1) X charge is (P + 6V ) · Q X = 5. Thus, we obtain two singlets as shown in the third row of Table 4 .
Consider 
For k = 6, the phase becomes
12 −s · φ s ). We add − Thus we obtain the first and fourth row entries of Table 4 .
Now the phase becomes
Next consider 10s and 10s. 
The phase becomes
−s · φ s ). We add 6 12 · 2π to the fourth column entries of Table 5 . The masslessness condition for right movers choosess = (− 
The phase becomes Thus we obtain the second and fifth row entries of Table 4 .
Other singlets with nonvanishing oscillators are also allowed, which are shown in Table 4 .
Twisted sector T 1
The massless condition for the right mover in the T 1 sector is (s + φ s ) 2 = Note the degeneracy factorχ(θ k , θ l ) for k = 1, 2, 5 in Table 1 . They take the same value 3 along each horizontal line, as in the prime orbifolds such as Z 3 and Z 7 . Thus, only the states with vanishing phase turn out to survive the projection by Eq. (23) in the T 1 , T 2 , T 5 (and also in T 11 , T 10 , T 7 ) sectors.
The masslessness condition for the left movers (43) gives
For k = 1 we have 2c 1 = 35 24 . The states satisfying the massless condition and Table 6 . The multiplicity 3 reduces to 1 due to the distinction by Wilson lines: V 0 , V + , and V − .
In the T + 1 sector with V + = V + a 3 , only the states with
survives the GSO projection by Eq. (23), which are listed in the middle part of Table 6 . In the T − 1 sector with V − = V − a 3 , only the states with
survives the GSO projection by Eq. (23), which are listed in the lower part of Table 6 .
The CT P conjugates of T 1 appear in T 11 . 
Twisted sector T 2
The massless condition for the right mover in the T 2 sector is (s + 2φ s ) 2 = Table 7 .
Consider the first row of Table 7 Chiral matter fields satisfying Θ 0 = 0, Θ + = 0, and Θ − = 0 in the T 0 2 , T which gives Q X = 3. From the previous discussion on the right mover condition, we obtain the chirality 2 . For the T ± 2 sectors, only neutral fields under SU(5) × U(1) X arise, which are tabulated in Table 7 . Thus, from T 2 we obtain the following SU(5) × U(1) X representations (68) {5 3 , 1 −5 } + 12 neutral singlets.
The CT P conjugates are provided from T 10 .
There are four SU(2) doublets and one 16 and one 10 of SO(10) .
Twisted sector T 3
The shifted momenta in the T 3 sector must satisfy (P + 3V ) · a 3 = 0 mod Z, viz. Eq. (46). It turns out that there is no massless states satisfying this condition.
Twisted sector T 4
The massless condition for the right movers in the T 4 sector is (s + 4φ s ) 2 = 
So, Δ = e 2πi/12 , e 2πi/6 give P 4 = 0. P 4 = 9, 6, 6 for Δ = 1, −1, e ±2πi/4 . Considering Wilson lines, the nonvanishing multiplicities are 3, 2, 2 in each T 4 . The massless fields of T 0 4 are listed in Table 8 .
Consider first two rows of Table 8 . They are left-handed. The massless condition for the left movers is (P + 4V ) 2 = Since (P + 4V ) · V = 0, we obtain Δ = e 2πi·0 from (23) and the multiplicity is 3. The state 5 
with Q X = 2, from (23) and the multiplicity is 2.
In the T ± 4 sectors, the phases in Eq. (26) are respectively given by
where " It turns out that from the 4(V ± a 3 ) sectors, only neutral fields under SU(5) × U(1) X arise, which are listed in Table 8 .
Thus, the massless states in T 4 (+T 8 ) sectors are (72) 5 −2 + 2{5 −2 , 5 2 } + 30 neutral singlets + CT P conjugates.
There are twelve SU(2) doublets.
Twisted sector T 5
In the T 5 (and T (24) is given by 
survive. These are shown in Table 9 .
The CT P conjugates of T 5 appear in T 7 .
Summary of matter spectra
Collecting all the flipped SU(5) model fields, we obtain the following:
, from the untwisted sector, and
from the twisted sectors. The chiral matter resulting from this spectra constitutes three families of quarks and leptons. In addition, we obtain G-exotics and E-exotics from T 1 and T 5 sectors,
From (2), we note that G-exotics carry Q em = ± (1) Y are broken at the GUT scale and a sufficient number of neutral singlets develop VEVs, and hence there are not left with dangerous half-integer charged fields below the GUT scale. It will be explained in Section 6.1. The lightest of these half-integer charged fields (LHIC) is absolutely stable since all the light observable SM fields (including color singlet composites) are integer charged. If the mass of LHIC is much larger than the reheating temperature after inflation, we expect that most of LHIC are diluted away by inflation. For the hidden sector, there appear 20 SU(2) doublets and one 16 and one 10 of the hidden SO(10) .
Yukawa couplings
Nonvanishing couplings of vertex operators are constructed by satisfying the Z 12−I symmetry [29, 35, 37] . It is summarized in [7] . In our notation for the shift vector, basically it amounts for the operator O A O B O C · · · to satisfy For the shift V , it is easy to check the modular invariance: The relevant vertex operators have only to satisfy the gauge invariance. The invariance under the shift φ s belongs to a generalized Lorentz shift and the condition is sometimes called the H -momentum conservation. The (bosonic) H -momentum is defined as
2 ) for left-handed states (≡r − ) and (
2 ) for right-handed states (≡r + ). As discussed earlier,s should satisfy the mass-shell condition, |( As an example, consider the T 6 H -momentum, (
. It is derived in the following way. The right mover mass-shell condition is
where 6φ s = ( 
For the left-handed states appearing in Table 4 , let us focus on s − whose corresponding sum-toodd-integer solution is (−3 −2 0). So bosonization ofs − iss − +r − . Thus, H -momentum, in analogy with P + kV , is (s − +r − ) + kφ s = ( 
Note that in considering the superpotential couplings, one should consider only the same chirality, and in our model there is no massless states from the T 3 and T 9 sectors. 
Comb. of singlets H -momenta Comb. of singlets H -momenta
For future convenience, we display the H -momenta for combinations of some singlets appearing in our model in Table 10 .
In Ref. [30] , it has been shown that one can always find a vacuum where only neutral singlets under a symmetry of interest develop VEVs of string scale preserving the F and D flatness conditions. This is possible because (a) once a superpotential term W is allowed by the selection rules, then W N+1 is also allowed in the Z N orbifold model, and (b) there exists in general a transformation rescaling the VEVs leaving intact the above F flatness conditions but making accordingly D flatness conditions satisfied by adjusting VEVs. In our model, there are enough superpotential terms constructed with only neutral singlets, e.g. W = W S + W 13 S + W 25 S + · · · , where
where the string scale is set M string = 1. We assume a vacuum where only neutral singlets develop large string scale VEVs.
Flipped SU(5) spectrum
There exist (10 1 , 10 −1 ) whose VEV (in the SU (2) 
These constitute the three families and one pair of Higgs quintets. Relabeling R to L, we can obtain the standard form of left-handed W ± interactions. In the remainder, however, we will keep R to compare with the entries of tables.
It is interesting to note that the pair of Higgs quintets, (5 −2 + 5 2 ), survives the above analysis. Certainly, it is not allowed to write M GUT 5 −2 5 2 since there is no coupling of the form U 2 T 4 . In fact, it is not easy to construct a 5 −2 5 2 consistent with the H -momentum conservation. Thus Higgs doublet mass can be far below the GUT scale, which is a good thing. But the colored scalars in (5 −2 + 5 2 ) must be removed at high energy scale toward MSSM. It is achieved by the doublet-triplet splitting mechanism we discuss below.
GUT breaking
The GUT breaking in the flipped SU(5) model proceeds by 10 1 = 10 −1 = M GUT , which is a D-flat direction. This vector-like representation, 10 1 + 10 −1 , is present in the T 6 sector. Note that the H -momentum of (10 1 10 −1 ) L is (−1, 0, 1) .
The T 6 sector also contains twenty two Q em = 0 singlets. Some combinations of them, e.g. h 1h2 in Table 10 also give the H -momentum of (−1, 0, 1). h 3h4 , h 2h1 , h 4h3 also provide the same H -momentum. The GUT scale VEV of them could induce 10 1 = 10 −1 = M GUT along an F-flat direction, for instance, through a non-renormalizable superpotential, 
,h 3 C 0 5 , and h 1 C 0 6 , the masses and mixing for the first two families of u-type quarks and Dirac neutrinos are possible.
• The bottom quark mass arises in terms of U 2 Higgs doublet. Indeed, such a coupling is present from T 6 T 6 U 2 . If the coupling strength of T 6 T 2 T 4 and T 6 T 6 U 2 are comparable, a large tan β is needed to obtain m t /m b ∼ 35. But the couplings depend on the location of the respective fields and one may treat the ratio as a free parameter of order 1 [42] .
In fact
For smallness of it we could assume a proper volume of the 6-dimensional compact space. As an alternative way, one could consider (1, 1) and (2, 2) components of the d-quark mass matrix. They can be induced with h 1 h 1 and h 3h3 . By h 1 and h 3 , the mixing between the first two and the third families of d-type quarks are also permitted.
• For the mass of charged lepton in the twisted sector T 0 2 , we need a coupling containing 
It may be that τ is placed in the untwisted sector. In this sense, the leptonic sector does not go parallel to the quark sector. The b − τ unification is not achieved in this model. (1, 1) and (2, 2) components of the charged lepton mass matrix are generated via, e.g. h 1h1 and h 3 h 3 . The mixing terms between the first two and the third families of charged leptons should be mediated by h 3 
R-parity
If we consider cubic couplings Eq. (87), we can define an R-parity in the standard way, R = −1 for matter fermions and R = +1 for Higgs bosons.
Firstly, consider the coupling 10 1 (U 1 )10 1 (U 3 )5 −2 (U 2 ). A nontrivial parity can be defined as
As discussed above, mixing between the first two families of matter in the untwisted sector and the third family of matter in T 5 and T 0 2 are always possible if VEVs of some neutral singlets are supposed. Such neutral singlets should also be inert under all symmetries relevant at low energies. Otherwise, symmetries must be broken at low energies by their VEVs. Even with the mixing terms between untwisted and twisted matter fields, the R-parity relevant in low energies can still be defined by assigning R = 1 for the neutral singlets developing VEVs and
Then, the allowed Yukawa coupling T 6 T 2 T 4 determines
Thus, R-parity can survive down to low energies and hence R-parity conservation for proton longevity is fulfilled in the present model.
Electroweak hypercharge in flipped SU(5)
GUT value of weak mixing angle
Flipped SU(5) was originally considered as a subgroup of SO(10) [9] , which can be called SO(10)-flipped SU (5) . In this case, the GUT value for sin 2 θ W should be Many possibilities of sin 2 θ W appear because of many possibilities of embedding the electroweak hypercharge Y in an Abelian group. In the E 8 × E 8 heterotic string, the embedding of Y in U(1)s is basically looked from the untwisted sector spectrum, which sets the embedding in E 8 . Thus, in string compactification, sin 2 θ W depends on the spectrum in the untwisted sector [7] . Therefore, if the untwisted sector spectrum includes 16 flip , then sin 2 θ W is the same as that of SO (10 With this expression, g 2 5 /g 2 X can be calculated in the string theory framework [7] ,
Hence, the string theory determines the absolute values of U(1) X charges with u 2 = 1 40 from g 5 = g X at the compactification scale. With this unit, the bare value of the Weinberg angle is also determined from Eq. (104):
Embedding of Y in flipped SU(5)
A covariant derivative in flipped SU(5) includes the term
where 1, 1, 1, 1) ] denotes the U(1) X charge operator employed in this paper, u a unit of U(1) X charge. So far u is tacitly assumed to be unity, but generically it is not necessarily 1. 
Conclusion
We constructed a supersymmetric flipped SU(5) model from a Z 12−I orbifold compactification. The notable features of the model are:
• From E 8 , the only non-Abelian group is the needed SU(5). This is possible only for one shift vector in Z 12−I . In this sense, it is the unique Z 12−I flipped SU(5) model. • Three families are obtained. The third family is located in twisted sectors while the first two families are in the untwisted sector. Separating the third family from the first two families enables a mass hierarchy of fermions.
• There exists a doublet-triplet splitting from a kind of the missing partner mechanism.
• There results only one pair of Higgs doublets.
• The R-parity is present.
• Allowed Yukawa couplings can generate a GUT scale VEVs of 10 H 1 and 10 H −1 for the GUT breaking down to the standard model.
• There exist Q em = ± 1 2 particles. But these form vector-like representations and most are removed at the GUT scale. Thus, sin 2 θ W is similar to that of SO(10) GUT.
In this paper, all the relevant Yukawa couplings are derived from string construction. So far, we have not encountered any serious phenomenological problem. Successful Yukawa couplings may be generated by appropriate GUT scale VEVs of singlet fields which are treated here as free parameters. Finally, it is expected that a standard model can be derived from Z 12 without going through the intermediate stage of the flipped SU(5) with features discovered in the present model [44] . In a future communication, we will tabulate all computer-searched Z 12 orbifold models. Table 15 Chiral matter fields satisfying Θ 0,+ = 0 in the T 0 1 , T
